A detailed beam characterization of continuous-wave single-frequency Nd:YAG solid-state ring lasers at a wavelength of 1064 nm is presented. The power noise, frequency noise, beam pointing fluctuations, spatial beam quality, and other properties of eight lasers of the same model were measured with a compact diagnostic instrument based on an optical ring resonator. One of the eight lasers was automatically characterized over a period of 3.5 months to investigate the long-term behavior. The results show that these lasers are highly stable laser sources, that the variations between different samples are rather small, and that these lasers are ideally suited for high precision optical experiments.
Introduction
Many optical experiments require laser sources with exceptional beam properties. Especially precision experiments such as interferometric gravitational wave detectors [1] [2] [3] [4] or experiments in quantum optics [5, 6] have strict requirements for the output beam of their laser systems. Therefore it is often necessary to stabilize several laser beam properties, such as the power [7] , frequency [8] , and beam pointing, by feedback control systems or filter resonators in order to fulfill the requirements. To design such stabilizations, the laser beam and appropriate actuators have to be characterized first.
A continuous-wave single-frequency monolithic nonplanar ring oscillator (NPRO) [9, 10] at a wavelength of 1064 nm is frequently used in high precision experiments. This kind of laser has a high intrinsic frequency stability since its resonator is built from a monolithic neodymium-doped yttrium aluminum garnet (Nd:YAG) crystal.
In many different fields of application, such as laser radar, squeezed-state generation, spectroscopy, metrology, and gravitational wave detection (see, e.g., the references in [11] ), NPROs are used because of their high stability and reliability. In experiments with high-power requirements they are often used as the master laser for amplifiers [12, 13] or in injection-lock configurations [14] where the frequency stability of the whole laser system is determined by the master laser.
In the second-generation gravitational wave detector Advanced LIGO [15] an NPRO is used as the master laser in a three-stage laser system concept [16] . Six identical prestabilized laser systems (three observatory lasers, two spare lasers, and one reference system) that will be continuously operated for several years are needed. In this case the variations among several lasers of the same model and the long-term behavior of different beam properties are of interest, since only then appropriately tolerant stabilizations can be designed.
We have developed a compact general purpose laser beam diagnostic instrument called diagnostic breadboard (DBB). It was a significantly extended and improved version of the instrument described in [17] . The DBB was designed for a characterization of linearly polarized, single-frequency, continuous wave laser beams. It allows one to measure power noise, frequency noise, and beam pointing fluctuations in a Fourier frequency band from 1 Hz to 100 kHz as well as power noise at radio frequencies (RF) up to 100 MHz and spatial beam quality. The laser beam characterization was completely automated by a computer, except for the RF power noise measurement.
We used this automated measurement system to characterize eight NPROs (Mephisto 2000 NE LIGO, Innolight [9] ) directly after delivery. Afterwards one NPRO was characterized every 24 h for more than 2600 h (≈3:5 months).
The measurements were used to investigate the variations among the eight lasers concerning the free-running noise of several beam properties and the frequency control actuators. Furthermore we gained information on the long-term behavior of one NPRO concerning the free-running noise and demonstrated the reliability of the DBB as a laser beam characterization instrument.
In the past several experiments were performed to measure the beam properties of NPROs or similar lasers, as for example in combination with a stabilization of the output power [7, 18] , the frequency [8, 19] , or the beam quality [18, 20] . However to our knowledge neither the variation of laser properties over several different NPROs nor the long-term variations were analyzed in detail. In particular we are not aware of any experiments that analyzed the complete set of laser beam properties that are accessible with the DBB.
Most of our characterization results show small variations between the different NPROs. With the data of the beam property variations of the eight lasers and the long-term behavior, tolerant stabilizations can now be built. The inspected NPROs are ideally suited for operation in gravitational wave detectors.
Besides the Advanced LIGO, other next generation gravitational wave detectors [21] and many other precision experiments will use NPROs as light sources and therefore will profit from the extensive characterization that is presented here.
Laser Beam Parameters
The complex field amplitude Uðr; tÞ of a singlefrequency, polarized laser beam can be expressed in the paraxial approximation as 
where U 0 is the time-dependent amplitude, ν is the laser frequency, Φ lm are the complex amplitudes of the Hermite-Gaussian modes TEM lm , and c lm are the complex expansion coefficients or modal weights. The functions Φ lm form an orthogonal complete set of functions that depends on the beam axis, waist size, and waist position. The coefficients c lm and the functions Φ lm are normalized with
The properties of a laser beam can be divided into categories according to the three terms in Eq. (1): the power of the laser beam is determined by U 0 ðtÞ, the frequency by νðtÞ, and the beam geometry by c lm ðtÞ.
The relative power fluctuations or relative power noise (RPN, often also called relative intensity noise) can be expressed by
The beam quality, pointing, ellipticity, and astigmatism can be derived from the beam geometry. The beam quality is measured in a quantity called fundamental power P fund =P tot . The fundamental power is the ratio of the power P fund in the TEM 00 mode to the total power P tot , where a fundamental power near 100% corresponds to a high beam quality,
In experiments with optical resonators the fundamental power is much more suited to define the beam quality than the commonly used M 2 value . The optical resonators are often stabilized to a resonance of the TEM 00 mode, and the fundamental power is equal to the power fraction that can be coupled to such a resonator. With the M 2 value only a rough lower limit for the coupling efficiency can be derived [17] .
Beam pointing and its fluctuation relative to a given reference axis can be described by the complex quantity ϵðtÞ,
where δx is the transversal shift and δα is the tilt of the beam. These parameters are normalized with the beam waist radius w 0 and the half divergence angle Θ D of the Gaussian beam. The complex amplitude of such a shifted and tilted beam can be expanded in Hermite-Gauss modes of the reference beam in the ϵ ≪ 1 limit [22] :
Therefore ϵ x ðtÞ and ϵ y ðtÞ can be determined by measuring the relative field amplitudes of the TEM 10 and TEM 01 modes: ϵ x ðtÞ ≈ c 10 =c 00 ; ϵ y ðtÞ ≈ c 01 =c 00 :
In the same way, the relative ellipticity and/or astigmatism μ can be described by the Laguerre-Gaussian mode Lag 02 (superposition of a TEM 20 and TEM 02 mode),
Methods
We used an advanced version of the instrument described in [17] to measure the laser beam parameters. The DBB is a compact (61 × 50 cm 2 ) transportable instrument used to characterize single-frequency, linearly polarized laser beams at a wavelength of 1064 nm. The key component in the optical setup (Fig. 1) of the DBB is an optical ring resonator that was used for frequency, pointing, and beam quality measurements. Four photodetectors were used to measure several properties of the input beam. A crate (19 in:, six rack units) contained all necessary electronics except for power supplies. The measurement methods used are briefly described in the following subsections.
A. Power Noise Measurement
The power of the input beam and the power fluctuations were measured with the photodetector RPD (Fig. 1) . The DBB was optimized and calibrated for an operating point with an input power of 135 AE 15 mW. The photodetector consisted of a 2 mm InGaAs photodiode, a low-noise high-current transimpedance amplifier, and signal conditioning electronics. In the operation point a photocurrent of 50 mA was detected with a bandwidth (−3 dB point) of ≈45 MHz. The electronic noise (measured with no light on the photodetector) was at 10 MHz, a factor of 5 below the shot-noise level of 50 mA photocurrent. The electronic noise slowly increased towards higher frequencies and was around 80 MHz at the level of shot noise. The signal conditioning electronics optimized the signal for measurements in the two frequency bands 1 Hz…100 kHz and 1 MHz…100 MHz.
The shot-noise-limited sensitivity (RPN of 2:5 × 10 −9 Hz −1=2 at 50 mA) of the photodetector for frequencies ≥5 MHz was verified with a shot-noiselimited test beam. This test beam was prepared by sending an NPRO beam through an optical resonator with a bandwidth of 1 MHz, which attenuates the technical power noise to a level below the shot noise of about 70 mW for these frequencies. In a different experiment the power of the test beam was stabilized for frequencies below 100 kHz using an acousto-optic modulator and a photodetector in front of the DBB. The residual power noise was then measured out-ofloop with the DBB. For frequencies ≥200 Hz the measured relative power noise was approximately 10 −8 Hz −1=2 . Towards lower frequencies the noise increased, and at 10 Hz an RPN of 3 × 10 −7 Hz −1=2 was measured. These values can serve as an upper limit for the relative power noise sensitivity of the DBB. This sensitivity of the RPD photodetector for frequencies below 100 kHz was at a level that can be lowered only with further efforts such as the use of vacuum tanks or mode cleaners [7] . The measured RPN in the NPRO characterization runs (see Section 6.A) was never limited by the RPD noise.
The signal of the RPD photodetector was used as well to trigger an interlock in case of excessive input power. In such an event a mechanical shutter on the DBB was closed in order to protect the photodetectors.
B. Frequency Noise Measurement
Frequency fluctuations of the input beam were measured with the optical ring resonator: the resonator was similar to the design described in [18] . A finesse of ≈356 was measured, and a FSR of 715 MHz was calculated. We were able to electronically adjust the round-trip length of 420 mm by about 5 μm with a piezoelectric element. The resonator was placed inside an aluminum tank for acoustic shielding and to avoid contamination of the resonator mirrors.
The resonator was stabilized to the frequency of the input beam using a dither lock: The round-trip length of the resonator was modulated at 1 MHz with the piezoelectric element in order to create sidebands inside the resonator. The input beam and the phasemodulated beam from the resonator were superposed at the input coupling mirror and were detected with photodetector QPD 1 . The demodulated signal of this photodetector was used as error signal for the control of the resonator round-trip length. The resonator was stabilized to a resonance of the fundamental mode with a bandwidth of a few kHz using a feedback control loop and the piezoelectric element.
Frequency fluctuations of the input beam were composed from the control and error signal in a Fourier frequency band from 1 Hz to 100 kHz. The dither-lock frequency of 1 MHz limited the bandwidth of the error signals to about 100 kHz. The spacer of the resonator was manufactured of aluminum and its stability as frequency reference was limited for Fourier frequencies below 1 Hz by environment temperature fluctuations. The FSR of the resonator was calculated from the macroscopic round-trip length in order to calibrate the control signal at the piezoelectric element.
With a frequency stabilized test beam the sensitivity for frequency fluctuations was measured. The test beam was stabilized to a high-finesse invacuum reference cavity made of ultralow expansion (ULE) glass. The apparent frequency fluctuations measured with the DBB, and hence the sensitivity of the frequency noise measurement, were below the free-running frequency noise of an NPRO (10 kHz Hz 1=2 =f [19] ). Additional investigations showed that the tank on the DBB significantly improved the stability of the resonator as frequency reference. Compared with a closed tank the measured frequency fluctuations increased with an open one in some frequency bands by two to three orders of magnitude. In a further experiment the tank was evacuated, but the sensitivity of the measurement system was unaffected. Thus a closed tank at atmospheric pressure was used for all further experiments.
C. Spatial Fluctuations and Beam Quality Measurements
We measured the pointing fluctuations of the input beam by using the differential wavefront sensing (DWS) and the ring resonator as the pointing reference [17, 22, 23] . Pointing deviations between the fundamental mode, to which the resonator was stabilized, and the input beam were measured. Two quadrant photodetectors, QPD 1 and QPD 2 , were used to detect the DWS signals. The four degrees of freedom, translation and tilt in horizontal and vertical direction (labeled 1X, 1Y, 2X, 2Y in the following), were measured in order to calculate the quantities ϵ x and ϵ y . Dependent on the considered position along the beam axis, the 1X=1Y degree can correspond to a translation, tilt, or mixture of both. At the position of mirror PZT 1 and photodiode QPD 1 the 1X=1Y degree correspond to a pure tilt of the beam. Accordingly the 2X=2Y degree corresponds to a pure tilt at mirror PZT 2 and photodiode QPD 2 . Anyhow all four degrees of freedom were orthogonal.
The detectors QPD 1 and QPD 2 each consisted of a silicon quadrant photodiode and four transimpedance amplifiers. The DWS detection had a bandwidth of about 100 kHz.
In order to stay in the linear range of the DWS signals, the pointing of the input beam was adjusted in servo loops using two mirrors (PZT 1 , PZT 2 ) that could be tilted with piezoelectric elements. The four servo loops had a bandwidth of a few 100 Hz, and the tilt range of PZT 1 and PZT 2 was about 4 mrad, which corresponds to ϵ ≈ 6 (see Section 2). A welcome side effect was that the servo loops automatically compensated misalignments introduced by moving lenses during the process of manually mode matching the input beam to the resonator fundamental mode.
The control signals at the piezoelectric elements were calibrated using the resonator: The power of the first-order TEM modes that are excited in the resonator by a misaligned TEM 00 input beam depend on the input beam pointing ϵ with
For calibration, this power ratio was measured using the mode scan technique [17] while varying the alignment control signals.
The beam quality of the input beam was measured with the mode scan technique: The input beam was expanded for this analysis into the eigenmodes of the ring resonator in order to determine the power in higher-order TEM modes. The eigenmodes of the resonator were in very good approximation the Hermite-Gaussian TEM modes. The resonator round-trip length was changed by several micrometers within a second with a ramp signal at the piezoelectric element. The transmitted power was simultaneously measured with photodetector TPD. Since the TEM modes had different resonance frequencies (except for certain degeneracies) we were able to measure the power in the individual modes. The measurements were automatically analyzed by a computer program that identified the modes using their resonance frequencies. The ellipticity and/or astigmatism of the input beam was then determined from the power in the Lag 02 mode.
The photodetector TPD consisted of a 2 mm InGaAs photodiode with a low-offset transimpedance amplifier and saturable DC coupled amplifiers for signal conditioning. The detector was optimized for linearity and was shielded from stray light in the optical setup.
The sensitivity of the measurement method was determined using a single-mode fiber-coupled test beam that was further filtered by a resonator with a finesse of about 350 in front of the DBB. The determined power in higher modes was 0:6 AE 0:3% in this experiment. Thus the sensitivity was sufficient to measure the beam quality of the NPRO lasers that had a few percent power in higher modes (see Section 6.C).
Automation
The DBB was designed to be remotely controllable. Thus we were able to electronically adjust the alignment of the input beam with two mirrors with piezoelectric elements (PZT 1 , PZT 2 ) and to optimize the mode matching with motorized lenses (ML 1 , ML 2 ). All settings that could be made with the front panel controls of the electronic modules could be overridden by analog and digital signals on the crate bus.
Furthermore all measurement signals were available on this bus.
A module in the electronic crate served as interface between the crate bus and a laboratory computer. Several digital input/output channels and digitalto-analog converters were connected via an I 2 C bus and a RS-232 link with the computer in order to read and write digital signals and to set slow analog signals on the bus. The actual analog measurement signals were distributed with a multiplexer to four channels. Each channel consisted of a signal conditioning unit and an anti-aliasing filter. These conditioned signals were simultaneously digitalized with an analog-to-digital converter card in the computer (PCI-6122, National Instruments) at a sampling rate of 250 kHz and a resolution of 16 bits. A fast analog signal injection for measuring transfer functions was realized with a digital-to-analog card (PCI-6251, National Instruments).
Almost all measurements with the DBB were automized with programs and scripts (except for RPN measurements at RF since the bandwidth of the anti-aliasing filters and the analog-to-digital converter card was limited to about 100 kHz). The following steps were automatically performed in a usual measurement run: at first the alignment of the input beam was optimized using the DWS signals and the alignment feedback control system. After this step 200 mode scans with about 24 k samples per free spectral range (FSR) were measured and analyzed. The average total power in higher modes and the average power in each identified mode were determined. Then the RPN was measured by sampling the time signal of the photodetector RPD for 1800 s. The linear spectral density (LSD) for Fourier frequencies from 1 Hz to 100 kHz was calculated to characterize the noise. The photodetector signal was downsampled to 1 Hz for characterizing the power trend and to calculate the root-mean-square (rms) value for power fluctuations between 0:6 mHz and 1 Hz. Afterwards the resonator of the DBB was stabilized to the input beam in order to measure frequency noise. A transfer function from the calibrated control signal at the ring resonator piezoelectric element to the error signal of the servo loop was measured to calibrate the error signal. Then the error signal and the control signal were simultaneously sampled for 1800 s. The LSD of both signals was calculated and merged to one LSD for Fourier frequencies between 1 Hz and 100 kHz using the transfer function of the servo loop. The pointing fluctuations were measured consecutively for each degree of freedom. For calibration of the error signals, transfer functions from the calibrated control signals to the error signals were measured. As for the frequency noise measurement the error and control signals were sampled for 1800 s and an LSD of the pointing fluctuations was calculated. The control signal was further used to measure the pointing at a rate of 1 Hz and to calculate the rms value of pointing fluctuations from 0:6 mHz to 1 Hz.
By using this control and data acquisition system (CDS) we were able to fully automate the beam characterization, which took about 3.75 h for one run.
One of the eight lasers was operated continuously and was automatically characterized with this system every 24 h for a period of over 2600 h (≈3:5 months). The CDS started the measurement run every day at 1 am. Except for a few runs, all measurements were successfully completed, and in the end 110 laser beam characterizations were performed. The power fraction coupled into the DBB and the mode matching of the input beam to the DBB resonator were adjusted only during the initial setup and then were left unchanged for the whole 3.5 month measurement period. Thus we were able to measure the long-term variations of the beam power and the mode matching.
Laser
Eight lasers of the same model (Mephisto 2000 NE LIGO, Innolight) were characterized with the DBB. The lasers, in the following also designated A to H, were solid-state Nd:YAG NPROs with an output power of 2 W at a wavelength of 1064 nm. The active medium was pumped by laser diodes at a wavelength of 808 nm. The lasers had single-frequency emission and a very good frequency stability due to the monolithic laser resonator/crystal. The laser frequency was controllable with a piezoelectric element at the laser resonator and via the laser crystal temperature. The output beam was slightly elliptically polarized, and the beam quality was specified with M 2 < 1:1 from the manufacturer. The lasers came with a built-in power stabilization called Noise Eater for suppressing the relaxation oscillation.
The complete optical setup ( Fig. 1) was mounted on a different breadboard (75 × 90 cm 2 ) in order to be transportable. A λ=2 and a λ=4 waveplate were used directly behind the laser aperture to convert the elliptically polarized beam to a linearly polarized one. The Faraday isolator (FI) protected the laser from spurious backreflections. Afterwards about 135 mW were coupled out with a combination of λ=2 waveplate and polarizing beam splitter for characterization with the DBB. The rest of the power was detected with a powermeter (PM). The measurements were performed in three different laboratories on optical tables with slow-running clean-air flowboxes without seismic isolation.
All lasers were characterized directly after delivery, and further on laser H was periodically characterized in the long-term measurement. Some laser-specific properties were measured additionally to the properties described in Section 3: the laser output power was measured with a PM as a function of the pump laser diode current, the so-called output power slope. Then the power remaining downstream of the FI was measured. With this measurement losses due to the waveplates, the FI and the depolarization of the NPRO can be deduced. The frequency of the relaxation oscillation was determined during the measurement of the RPN at RF. Finally the transfer functions from the piezoelectric element frequency actuator and the laser crystal temperature to the laser frequency was measured with the DBB.
Results
An overview of all performed measurements, which are divided into measurements during the initial characterization of all eight lasers and the long-term measurement of laser H, is given in Table 1 . A selection of the results is presented in Figs. 2 to 11 , and some important results of the initial characterization are summarized in Table 2 .
A. Power Noise Investigations
All lasers but laser B had a total output power of about 2:2 W (Table 2 ) when the lasers were operated slightly below their individual pump diode current limit. With the cleaning of the polarization state by one polarization beam splitter of the FI and the losses of the FI itself, the output power was reduced to about 1:8 W to 1:9 W-except for laser B, which delivered only about 1:6 W. The output power of laser H degraded slowly during the long-term operation. This degradation was expected because of the aging of the pump laser diodes. Since the laser was operated so close to its current limit, the laser diode current could not be used to compensate for this effect. The degradation had a slope of about −5 × 10 −4 =day or −0:18=year during the monitored operation time of about 2600 h. A slowdown of this degradation in the last 1000 h of the long-term characterization was observed. Further monitoring of the output power with a PM from operating hour 4000 to 6500 verified a slowdown to −2 × 10 −5 =day or −0:01=year. With the degradation of the output power the beam width changed as well. This caused a further power reduction of the fundamental mode since the mode matching was not reoptimized from time to time. The mode matching changed during the long-term characterization with 6:6 × 10 −5 =day (see Section 6.C). Since the fundamental power depends quadratically on the mode matching this additional effect can be neglected when one is explaining the output power degradation.
A histogram of the power fluctuations was calculated and showed a non-Gaussian distribution. The samples for the histogram were acquired at a rate of 1 Hz during 83 intervals, each 1800 s long. Since the average power was calculated for every 1800 s section, the frequencies covered reached from 1=1800 Hz ¼ 0:6 mHz to 1 Hz. The wings of the distribution did not decline as fast as those of a Gaussian distribution. Three example time series (Fig. 2) show that the power could stay almost constant, was changing slowly, or even changed with steplike functions. One should be prepared for the possibility that the relative output power can change by about 1 × 10 −3 in a few seconds. The variation of relative rms power fluctuations among the different lasers was rather high. The rms value reached from about 150 × 10 −6 up to 900 × 10 −6 ( Table 2) . Table 2 Relative output power trend -Output power fluctuations, rms 0:6 mHz…1 Hz Table 2 Fig Table 2  Temperature frequency actuator  Table 2 Pointing fluctuations, rms 0:6 mHz…1 Hz The linear spectral density of the RPN was almost flat at a level of 5 × 10 −7 Hz −1=2 from 10 Hz to 100 kHz with Noise Eater disabled (Fig. 3) . The differences between the eight lasers were small. Below 10 Hz the RPN was increasing very fast towards lower frequencies with more than one order of magnitude per decade. A comparison to measurements with activated Noise Eater showed that this power stabilization reduced the noise level starting from about 100 Hz (Fig. 3) . Above around 300 Hz the RPN with Noise Eater was almost flat at a level of ≈2 × 10 −7 Hz −1=2 . There was no significant difference of the RPN below 10 Hz with or without Noise Eater. The exemplar variations were rather small for measurements with Noise Eater.
In all measurements there were visible sharp peaks at 50 Hz, 150 Hz, and higher harmonics due to the mains frequency of 50 Hz. These undesired signals coupled into the measurement primarily at the CDS system. The photodiode signal itself did not contain these frequencies-this was checked with a battery-powered oscilloscope with fast Fourier transform capability.
As can be seen from the long-term measurements, there were a couple of outliers that were almost an order of magnitude above the median RPN level at some frequencies (Fig. 4) . Especially for frequencies around and above 100 Hz some measurements strongly differed from the median. Over some period the air particle count was monitored during the longterm measurements. The average particle count of 0:7 ft −3 with a size of larger than 0:3 μm was very low, and no significant correlation between the particle count and the RPN could be observed. According to this, air particles did not seem to cause the outliers in our setup.
For frequencies below 10 Hz there were almost no outliers. The RPN in this frequency band was reduced significantly after an aluminum enclosure was mounted around the DBB. This might be an indication that pointing was a dominant noise source at these frequencies, since the pointing fluctuations were reduced by this as well (see Section 6.C). All in all the RPN with Noise Eater at frequencies above 10 Hz was between 1 × 10 −7 Hz −1=2
and 1 × 10 −6 Hz −1=2 except for some outliers. The relaxation oscillation of six lasers was at a frequency of 1:2 MHz (Table 2) . Laser D had a relaxation oscillation frequency at 900 kHz, and laser F at 975 kHz. With Noise Eater activated this oscillation was suppressed by a factor of about 50, and the RPN level was at about 2 × 10 −7 Hz −1=2 (Fig. 5) . Between 2 MHz and 10 MHz the Noise Eater slightly degraded the RPN, which was, however, still decreasing very rapidly with increasing frequency. For frequencies above 20 MHz the RPN was at or below the shot noise of about 50 mA photocurrent.
At first the Noise Eater of laser A was increasing the RPN at around 2:5 MHz significantly. This problem was solved by an engineer from the manufacturer who adjusted some parameters of the Noise Eater feedback loop.
B. Frequency Noise Investigations
As expected the frequency noise of the lasers decreased with 1=f towards higher Fourier frequencies with a value of about 10 kHz Hz −1=2 · ½1 Hz=f . The variations between the different lasers were small, although they were increasing below 10 Hz.
The long-term measurement of the frequency noise showed that the noise seemed to be very stationary and that the variations between the measurements were small (Figs. 6 and 7) . Compared to the RPN long-term measurement there were clearly fewer outliers from the median. The variations between the long-term measurements and the ones between the different lasers were in the same range. The sharp peaks between 10 kHz and 40 kHz were due to calibration inaccuracies since several resonances of the resonator piezoelectric element were in this frequency band. The spectra also contained peaks at the mains frequency of 50 Hz and higher odd harmonics. It is hard to determine whether the laser frequency contained these signals or they were caused by detection problems since the dither-lock method used involved several interconnected electronic modules. Since the peaks in the RPN were induced by the CDS system, it is more likely that the peaks in the frequency noise were caused by the dither-lock electronics.
The tuning coefficient of the piezoelectric element at the NPRO crystal turned out to be between 1 MHz=V and 2 MHz=V (Table 2) . With a maximum voltage of AE100 V (specified by the manufacturer) the NPRO frequency can be tuned from about 200 MHz to 400 MHz neglecting any nonlinearities. The transfer function was flat in the measurement frequency band (1 Hz to 100 kHz) of the DBB. To determine the first resonance frequency, the electrical impedance of one piezoelectric element was measured. It had a capacitance of 2 nF and the first resonance at about 200 kHz.
The tuning coefficient of the crystal temperature for all lasers was about 2:8 GHz=K ( Table 2 ). The temperature could be changed by about 3 K without a mode hop. According to this result a tuning range of about 8:4 GHz could be achieved. The bandwidth of this actuator turned out to be significantly smaller than one would expect from the NPRO manual. The average −3 dB bandwidth was about 160 mHz. The transfer function seemed to be a first-order low pass with some delay, since the phase was decreasing faster compared to the magnitude. 
C. Spatial Fluctuations and Beam Quality Investigations
The histograms of the pointing fluctuations during the long-term measurements could be approximated very well by Gaussian distributions, and thus the distributions were described by the standard deviation or the rms value (Fig. 8) . The pointing fluctuations in the 1X and 1Y directions were stronger compared to the 2X and 2Y directions. The fluctuations in the Y directions were slightly stronger than in the X directions. All in all the distributions had a standard deviation of about 5 × 10 −3 . The measured pointing fluctuations of lasers E, F, and G were exceptionally low ( Table 2) .
The pointing noise below 20 Hz (Fig. 9 ) seemed to be dominated by the characterization environment. The eight lasers were characterized at three different locations, and especially in the 2Y direction there were three groups of noise levels. Above 20 Hz the variation between the lasers was relatively large, up to about one order of magnitude. The relative pointing noise level was about 1 × 10 −6 Hz −1=2 . The variation during the long-term measurement was in the same order of magnitude as the variation between the different lasers. At frequencies below 20 Hz the variation was rather small, and for frequencies above 20 Hz the variation was almost one order of magnitude. Above 3 kHz the measurements were limited by electronic noise.
The environment dependence of the measurements became apparent at operating hour 2974 during the long-term measurements. At this time the enclosure was mounted around the DBB. From that moment on the noise level dropped at frequencies below 20 Hz. At frequencies above 20 Hz the noise level did not change significantly except for the 1Y direction, where the noise level increased slightly.
The interpretation of the pointing measurement results is rather difficult since the environment parameters that influenced the measurements are not known. The pointing was measured at different flowbox speeds. The pointing noise increased at low frequencies with the flow speed of the flowbox. Broadband acoustic coupling could be ruled out as the dominant noise source in further experiments with a loudspeaker.
The lasers had an average of 2.5% of their power in higher-order TEM modes (Table 2 ). There were four outliers: Lasers D and F had a lower beam quality, and lasers E and C had a better one. The most powerful higher modes had a mode order of 2 (TEM 02 , TEM 20 ; at 0.3 FSR) and 4 (TEM 04 , TEM 22 , TEM 40 ; at 0.6 FSR), all with even l-mode numbers (c lm ; Fig. 10 ). Besides these dominant modes there were many low-power modes in the laser beam. During the long-term measurements the beam quality changed slowly over time (Fig. 11) . The average higher mode power during the longterm measurements was 2:4 AE 0:06%.
The NPROs had a slightly elliptical beam (a value of 1∶1:1 is given in the manual). This corresponded to a relative ellipticity/astigmatism of 0.1. An ellipticity and/or astigmatism of about 0.084 was measured for all lasers except D, E, and F (Table 2) ; lasers D and F had a relative ellipticity/astigmatism of 0.15, and laser E, 0.01.
Discussion
The output beams of eight NPRO lasers were extensively characterized with an automated diagnostic tool. The distribution of beam parameters among the eight lasers and the long-term variations were measured. Laser power, frequency, pointing, beam quality, and frequency actuators were characterized. Using these characterization results, suitable and tolerant stabilization schemes can be designed in order to further improve the beam properties.
The characterization results show that NPROs are highly stable laser sources and that the variation between different samples is rather small. This extensive characterization of Nd:YAG NPROs will help in particular precision experiments in selecting a suitable laser beam source. The NPROs are ideal for operation in interferometric gravitational wave detectors. Since they have a low and stationary frequency noise in combination with fast and high dynamic range frequency actuators, they are especially suited as master oscillators for amplifiers or injection-lock configurations if more output power is required. Experiments with optical resonators benefit from the high beam quality and the frequency stability.
The DBB that was used for almost all measurements was reliable and could be operated fully automized for several months. Thus a permanent integration into a laser system is possible in order to automatically monitor the performance and to quickly identify problems. In principle the DBB could be adapted to other laser wavelengths or other Fourier frequency bands. The characterization of the NPROs was not limited by the sensitivity of the DBB except for the pointing fluctuation measurements at high Fourier frequencies. This diagnostic tool can be of great help for developing lasers since the output beam of the laser can be quickly analyzed. Careless mistakes are minimized by the automation of the measurements, and the results are more comparable since each measurement run is performed in the same way.
